Phosphorylation by Aurora B Converts MgcRacGAP to a RhoGAP during Cytokinesis  by Minoshima, Yukinori et al.
Developmental Cell, Vol. 4, 549–560, April, 2003, Copyright 2003 by Cell Press
Phosphorylation by Aurora B Converts MgcRacGAP
to a RhoGAP during Cytokinesis
underlying mechanisms of action have remained un-
clear. Here, we show that MgcRacGAP colocalizes
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was impaired with the defect of central spindle assembly
by the mutant cyk-4 (t1689ts) that carried a mutation
at the N terminus (Jantsch-Plunger et al., 2000). Gene
depletion of MgcRacGAP in mice leads to death during
preimplantation development as a result of impaired
mitosis and cytokinesis with binucleated blastomeres
in which the nuclei were partially interconnected (Van
de Putte et al., 2001). Thus, available data suggest that
Figure 1. Phosphorylation of MgcRacGAP at the Midbody in Cytoki-MgcRacGAP may play an essential role in cytokinesis
nesisby association with microtubules. Some investigators
(A) Slower mobilization of MgcRacGAP in the midbody. The lysatereported that CYK-4/MgcRacGAP exerted GAP activi-
of purified midbodies was separated by SDS-PAGE and immu-ties not only toward Rac1 and Cdc42 but also toward
noblotted with the anti-MgcRacGAP antibody (Ab). MgcRacGAP
RhoA, albeit to a much weaker extent (Jantsch-Plunger protein in the lysate from purified midbodies (lane 1) showed slower
et al., 2000; Toure et al., 1998). However, in contrast migration than that in the total cell lysate (lane 4). Lysates from
to their report, we did not detect any GAP activity of purified midbodies were incubated with the phosphatase VHR in
the absence (lane 2) or presence (lane 3) of the phosphatase inhibitorMgcRacGAP on RhoA (Kawashima et al., 2000). Ray-
Na3VO4 followed by SDS-PAGE.mond et al. also reported that RotundRacGAP, a homo-
(B) MgcRacGAP was phosphorylated in the midbody. HeLa cellslog of mammalian MgcRacGAP in Drosophila, pos-
were metabolically labeled with 32P-labeled orthophosphoric acid.
sessed no GAP activity toward RhoA (Raymond et al., The midbodies were purified, and lysed in a detergent buffer. The
2001). Thus, MgcRacGAP does not seem to have an lysates were immunoprecipitated with the anti-MgcRacGAP Ab or
efficient GAP activity toward RhoA if any, and it has a control, nonspecific rabbit IgG, and subjected to SDS-PAGE,
transferred to a nitrocellulose membrane, and exposed to an X-rayremained unclear which small GTPase is the target of
film for 24 hr (upper panel). The same filters were probed by WesternMgcRacGAP in cytokinesis.
blot analysis with the anti-MgcRacGAP Ab (lower panel).One of the RasGEFs, Ras-GRF1/CDC25 (Mm), exerts
its latent Rac-GEF activity through its tyrosine phos-
phorylation (Kiyono et al., 2000), and RhoGEF ECT2 re-
quires phosphorylation to exert the exchange activity. serine/threonine residue(s). To further confirm the phos-
In this paper, we demonstrate that Aurora B phosphory- phorylation, we did 32P-biolabeling of HeLa cells. Indeed,
lates MgcRacGAP in the midbody, thereby inducing its MgcRacGAP incorporated phosphate in the purified
latent GAP activity toward RhoA during mitosis, and that midbodies (Figure 1B). These results indicated that
MgcRacGAP associated with RhoA on the contractile MgcRacGAP was phosphorylated in the midbody during
ring. We also identified a serine residue of MgcRacGAP, cytokinesis.
phosphorylation of which is at least partly responsible
for its RhoGAP activity and critical for the completion MgcRacGAP Associates with Aurora B during M
of cytokinesis. Phase and Colocalizes with Aurora B
in the Midzone and Midbody
Next, we determined the kinase responsible for theResults
phosphorylation of MgcRacGAP in mitosis. Aurora
B/AIM-1 protein localizes at the midbody during telo-MgcRacGAP Phosphorylation Occurs in the
Midbody during Cytokinesis phase and cytokinesis and plays a crucial role in cytoki-
nesis (Terada et al., 1998). Because the localization pat-MgcRacGAP is located in the midbody during mitosis
and plays a critical role in the completion of cytokinesis tern of Aurora B/AIM-1 and its role in cytokinesis seemed
to be similar to those of MgcRacGAP, we reasoned(Hirose et al., 2001). Curiously, we did not detect a signif-
icant GAP activity toward RhoA (Kawashima et al., 2000), that among various midbody-localized protein kinases,
Aurora B was the most likely candidate. To determinealthough coordinated activation and inactivation of
RhoA are known to play critical roles in the completion of whether MgcRacGAP and Aurora B associate with each
other during M phase, coimmunoprecipitation studiescytokinesis. Therefore, we speculated that MgcRacGAP
may be modified in the midbody and that its target speci- were done using HeLa cells synchronized as described
in Experimental Procedures. Cells at 0, 45, 90, and 180ficity is changed with this modification.
To characterize the MgcRacGAP protein in the mid- min after the release from nocodazole treatment were
collected. Based on morphological examination andbody, midbodies were purified from HeLa cells (Mullins
and McIntosh, 1982). MgcRacGAP from purified mid- staining with anti--tubulin antibody, the cells collected
at 0, 45, 90, and 180 min were found to represent cells inbodies showed a slower migration than that in the total
cell lysate (Figure 1A, lanes 1 and 4). The slow-migrating prometaphase, metaphase-anaphase, telophase-cytoki-
nesis, and G1 phase, respectively (data not shown). TheMgcRacGAP observed in the lysate from purified mid-
bodies showed a partial shift back to the original position cell lysates were immunoprecipitated using an anti-AIM-
1/Aurora B monoclonal antibody (mAb) followed by im-by treatment with tyrosine/serine/threonine phospha-
tase VHR (VH1-related human protein; Figure 1A, lane 2), munoblotting with the anti-MgcRacGAP Ab, and vice
versa. A significant amount of MgcRacGAP was de-and this effect was prevented by a protein phosphatase
inhibitor, sodium vanadate (Figure 1A, lane 3). The slowly tected in the Aurora B immunoprecipitants from the cell
lysate prepared at 45 and 90 min, but not at 0 or 180migrating form was not detected using an anti-phospho-
tyrosine antibody (Ab) 4G10 (data not shown), sug- min (Figure 2A, left upper panel). Consistent with the
result shown in Figure 1A, MgcRacGAP protein that wasgesting that MgcRacGAP was phosphorylated on the
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Figure 2. Aurora B Associated with MgcRacGAP during Mitosis
(A) MgcRacGAP associated with Aurora B during M phase. Coimmunoprecipitation experiments were done using synchronized HeLa cells.
Cells were collected at 0, 45, 90, and 180 min after nocodazole release. Each sample was subjected to immunoprecipitation using the anti-
Aurora B mAb or isotype control Ab followed by immunoblotting with the anti-MgcRacGAP Ab, and vice versa. A significant amount of
MgcRacGAP was detected in the Aurora B immunoprecipitants from the cell lysate prepared at 45 or 90 min (left upper panel, lanes 2 and
3) but not in those prepared at 0 or 180 min (left upper panel, lanes 1 and 4). No significant band for MgcRacGAP was detected in the
immunoprecipitants of the control Ab at any time indicated (left lower panel). Conversely, a significant amount of Aurora B was detected in
the MgcRacGAP immunoprecipitants from the cell lysate prepared at 45 or 90 min (right upper panel, lanes 2 and 3) but not in those prepared
at 0 or 180 min (right upper panel, lanes 1 and 4). No significant band for MgcRacGAP was detected in immunoprecipitants of the control Ab
at any time indicated (right lower panel).
(B) The association between MgcRacGAP and Aurora B is direct. The same amount (1 g) of purified MBP-fused MgcRacGAP and GST-fused
WT-Aurora B, KD-Aurora B, or GST alone were mixed. Then, GST-WT-Aurora B, GST-KD-Aurora B, or GST alone was recovered with GST
beads. The precipitates were probed by Western blot analysis with the anti-MgcRacGAP Ab.
(C) MgcRacGAP colocalized with Aurora B during M phase in the midzone and midbody. Using HeLa cells, immunostaining for Aurora B and
MgcRacGAP was done, and cells in the indicated phases of the cell cycle were observed. The immunostained coverslip was viewed using
an FLUOVIEW FV300 confocal microscope (Olympus). The scale bar represents 10 m.
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coimmunoprecipitated with Aurora B at 90 min showed contrary, the GAP activities of the MBP-GAPD toward
Rac1 and Cdc42 were barely if at all affected by Auroraa slower migration when compared with that at 45 min,
which was presumably due to the phosphorylation of B phosphorylation under these conditions. To our
knowledge, this is the first report that a GAP is capableMgcRacGAP. Conversely, a significant amount of Au-
rora B was also detected in the MgcRacGAP immuno- of exerting latent GAP activities as a result of modifica-
tion by phosphorylation.precipitants from the cell lysate prepared at 45 and 90
min, but not at 0 or 180 min (Figure 2A, right upper
panel). These results indicate that Aurora B associates Phosphorylation of MgcRacGAP at Ser387 Is
with MgcRacGAP along with the progression of M phase Responsible for Altered GAP Activities
and induces phosphorylation during telophase to cytoki- To determine which residue of MgcRacGAP may be
nesis. phosphorylated by Aurora B, phosphoamino acid analy-
To determine whether MgcRacGAP and Aurora B are sis was performed on MBP-MgcRacGAP phosphory-
competent to interact in the absence of other mamma- lated by Aurora B in vitro. Phosphorylation of MgcRac-
lian proteins, we did a GST pull-down assay. As shown GAP was primarily detected at serine, with no threonine
in Figure 2B, the KD-Aurora B pulled down MBP-fused and tyrosine residues being detectable (Figure 4B). Con-
MgcRacGAP proteins in a higher yield than the WT- sidering that phosphorylation of the GAP domain of
Aurora B did, whereas GST alone did not do so. These MgcRacGAP resulted in the induction of RhoGAP activ-
results indicate that the interaction between MgcRac- ity (Figure 4A), we generated seven MBP-fusion mutants
GAP and Aurora B is direct. We also confirmed the containing Asp (D) substitution at each of the seven Ser
association between Aurora B and MgcRacGAP using residues in the conserved GAP domain of MgcRacGAP.
confocal microscopy after immunostaining. From ana- The rationale was that Asp mutants could mimic the
phase to telophase, Aurora B and MgcRacGAP formed charge conferred by a phosphate. These S-D mutants
a distinct fine band extending across the midzone and were designated MBP-S364D, -S387D, -S410D, -S420D,
partly colocalized with each other (Figure 2C). During -S454D, -S486D, and -S518D. Using the mutants, we
cytokinesis, some fraction of Aurora B condensed to tested MgcRacGAP GTP hydrolysis toward RhoA, Rac1,
the midbody equator, which is also called the central, and Cdc42. Only the MBP-S387D and MBP-S518D pro-
dense matrix zone of the midbody, and colocalized with teins, but not the other mutants, exerted detectable lev-
MgcRacGAP. After cytokinesis, both Aurora B and els of GAP activity toward RhoA (Figure 4C). Using seven
MgcRacGAP remained in the division remnant. These MBP-fused polypeptides that code ten amino acid se-
results also suggested that MgcRacGAP was a sub- quences surrounding the seven Ser residues, we found
strate of Aurora B during mitosis. that Ser387 and Ser410 were specifically phosphory-
lated (Figure 4D). Altogether, these results suggested
that Ser387 of MgcRacGAP was, at least in part, respon-Aurora B Directly Phosphorylates MgcRacGAP
In Vitro sible for exerting its latent GAP activity toward RhoA as
a result of Aurora B-modified phosphorylation.We did an in vitro kinase assay using the WT or KD
mutant of Aurora B against MBP-fusion MgcRacGAP Curiously, the MBP-S387D and -S420D proteins failed
to have detectable GAP activity toward either Rac1 (Fig-protein and found that the MgcRacGAP protein was
phosphorylated by the WT-Aurora B but not by the KD ure 4E) or Cdc42 (data not shown), whereas the MBP-
GAPD incubated with the WT-Aurora B still showedmutant (Figure 3A). Histone H3 protein or MBP served
as a positive control (Hsu et al., 2000) or a negative strong GAP activity toward Rac/Cdc42 (Figure 4A). This
may be because some of the MBP-GAPD proteins incu-control, respectively. Next, we tested which domains of
MgcRacGAP were phosphorylated by Aurora B, and for bated with the WT-Aurora B could have remained un-
phosphorylated and then may exert some GAP activitythis we used constructs encoding fusion proteins be-
tween MBP and each domain of MgcRacGAP (Figure toward Rac1 and Cdc42. On the other hand, RhoGAP
activity of MBP-S387D was not strong (Figure 4C) when3B). We observed that the internal (Int), cystein-rich
(Cys), and GAP domains of MgcRacGAP were phos- compared to that of the MBP-GAPD phosphorylated
by WT-Aurora B. This may be because MgcRacGAPphorylated by the WT-Aurora B but not by the KD mutant
(Figure 3C), suggesting that MgcRacGAP harbored mul- requires phosphorylation of multiple residues, inducing
Ser387, for efficient RhoGAP activity. The GAP activitiestiple phosphorylation sites that are phosphorylated by
Aurora B. of MBP-S387A, which was assumed to mimic unphos-
phorylated molecules with the substitution of Ser387
residues by Ala, were not altered (Figures 4C and 4E).Aurora B-Phosphorylated MgcRacGAP Harbors
These data imply that phosphorylation of MgcRacGAPProminent GAP Activity toward RhoA
at Ser387 by Aurora B is a critical switch necessary toAs shown above, the purified C terminus GAP domain
convert MgcRacGAP from Rac1/Cdc42 GAP to RhoA(MBP-GAPD) was phosphorylated by Aurora B (Figure
GAP during M phase.3C). We determined whether this phosphorylation might
affect its GAP activities toward RhoA, Rac1, or Cdc42
using the MBP-GAPD incubated with either the WT or MgcRacGAP Colocalizes with RhoA at the Late
Stage of Cytokinesis on the Contractile RingKD mutant of Aurora B. A prominent GAP activity toward
RhoA was observed in the MBP-GAPD incubated with To determine the target G protein of MgcRacGAP during
cell division, we compared localization patterns of smallthe WT-Aurora B (Figure 4A), suggesting that the GAP
activity of MgcRacGAP toward RhoA was induced via GTPases, Rac1, Cdc42, and RhoA with that of MgcRac-
GAP. During the late stage of cytokinesis, accumulationphosphorylation of the C terminus GAP domain. On the
Aurora B Modulation of MgcRacGAP in Cytokinesis
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Figure 3. Aurora B Phosphorylates MgcRacGAP In Vitro
(A) Phosphorylation of MgcRacGAP is mediated by Aurora B in vitro. MBP-fused MgcRacGAP protein was incubated with the wild-type (WT)
or a kinase-defective (KD) mutant of Aurora B. Histone H3 protein was used as a positive control. Histone H3 (lane 3, black arrow) and the
MBP-fused full-length MgcRacGAP protein (lane 1, black arrowhead) were phosphorylated by the WT-Aurora B but not by the KD-Aurora B
(lanes 4 and 6). No specific signal was detected on the 40 kDa of MBP protein used as a negative control by either the WT- or KD-Aurora B
(lanes 2 and 5). Autophosphorylation of the WT-Aurora B fused to glutathione S-transferase (GST) is indicated by a white arrow.
(B) Structures of the full-length and MBP-fused derivatives of MgcRacGAP.
(C) In vitro kinase assay against MBP-fused derivatives of MgcRacGAP. Using the WT- or KD-Aurora B, MBP-fused derivatives of MgcRacGAP
were incubated with the WT- or KD-Aurora B. Note that the Int, Cys, and GAP domains of MgcRacGAP but not the Myo domain were
phosphorylated by the wild-type Aurora B. On the other hand, the KD-Aurora B did not induce phosphorylation of all the proteins tested.
MBP and MLC stand for a negative control of MBP alone and myosin light chain, respectively.
of Rac1 protein was detected along the central spindle, ring-shaped structure around the midbody equator (Fig-
ure 5, upper panels). RhoA is known to promote contrac-distinct from that of MgcRacGAP (Figure 5, middle pan-
els). On the other hand, at this stage of cytokinesis, tile ring assembly by activating actin polymerization.
Thus, immunostaining studies revealed that both RhoARhoA clearly colocalized with MgcRacGAP, forming a
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Figure 4. Phosphorylation of MgcRacGAP by Aurora B Occurs at Ser387, Induces Latent GAP Activity toward RhoA, and Downregulates the
GAP Activity toward Rac1 and Cdc42
(A) Phosphorylation of the C terminus GAP domain (GAPD) of MgcRacGAP induced by Aurora B led to induction of latent GAP activity toward
RhoA. We did GTP hydrolysis assays and measured GAP activities of the purified GAPD, with or without the phosphorylation induced by
Aurora B. The GAPD protein was first incubated with the WT- or KD-Aurora B under conditions similar to those described for Figures 3A and
3C but with some modifications, with a longer incubation (2 hr) and without the use of [32P]ATP. We then did the GTP hydrolysis assay toward
RhoA, Rac1, and Cdc42 using these reaction mixtures. The results shown are the averages the standard deviations (SD) of three independent
experiments.
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Figure 5. Localization of RhoA, Rac1, Cdc42, and MgcRacGAP during Mitosis
Colocalization of MgcRacGAP with RhoA but not with Rac1 or Cdc42 in the midbody. HeLa cells were fixed and stained with the anti-RhoA
mAb (upper panels, red), anti-Rac1 mAb (middle panels, red), anti-Cdc42 mAb (lower panels, red), and anti-MgcRacGAP antibody (all panels,
green). The immunostained coverslip was viewed under a confocal microscope. The scale bar represents 2 m.
and MgcRacGAP are accumulated on the actin-based RhoA, Rac1, and Cdc42 in vitro. Therefore, we generated
a site- and phosphorylation state-specific rabbit poly-contractile ring during cytokinesis. Some accumulation
of Cdc42 protein was observed at the equator of the clonal antibody for this site (referred to as anti-pS387
Ab), using the synthetic phosphopeptide PM387 (Figurecentral spindle and was encircled by the ring of MgcRac-
GAP (Figure 5, lower panels). However, it did not colocal- 6A) including Ser387 of MgcRacGAP. The anti-pS387
Ab had high affinity for PM387 and did not detect theize with MgcRacGAP. Taken together, it is strongly sug-
gested that the target small GTPase of MgcRacGAP is unphosphorylated peptide M387 (Figure 6A). As shown
in Figure 6B, the anti-pS387 Ab clearly immunostainedRhoA at the late stage of cytokinesis.
the midbody of dividing cells, indicating that MgcRac-
GAP was phosphorylated at Ser387 as was the case inSer387 Is Phosphorylated In Vivo at the Midbody
Ser387 of MgcRacGAP seemed to be an important the experiments in vitro (Figures 3A and 3C) and in vivo
(Figures 1A, 1B, and 2A). The anti-pS387 Ab showed nophosphorylation site that alters its GAP activities on
(B) Phosphoamino acid analysis for Aurora B-induced phospho-MgcRacGAP. Phosphoamino acid analysis was done on 32P-labeled MBP-
MgcRacGAP protein after the incubation with Aurora B.
(C) Induction of GAP activity toward RhoA in S387D and S518D mutants of MgcRacGAP. GAP activities of MBP-fused S364D, -S387D,
-S410D, -S420D, -S454D, -S486D, -S518D, and the wild-type (WT) GAP domain were measured toward RhoA. The results shown are the
averages SD of three independent experiments.
(D) Phosphorylation at Ser387 and Ser410 induced by Aurora B. Aurora B-induced phosphorylation was analyzed on seven MBP-fused
polypeptides coding each of ten amino acid sequences surrounding the seven Ser residues in the conserved GAP domain (MBP-S364,
-S387, -S410, -S420, -S454, -S486, and -S518). Histone H3 protein was used as a positive control (lane 8, black arrow). MBP-S387 and MBP-
S410 (lanes 2 and 3, black arrowhead) were phosphorylated by the WT-Aurora B.
(E) Reduction in GAP activities toward Rac1 in S387D and S420D mutants of MgcRacGAP. The GAP activities of MBP-fused S364D, -S387D,
-S410D, -S420D, -S454D, -S486D, and -S518D were measured toward Rac1. The results shown are averages SD of three independent
experiments.
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Figure 6. Localization of the Phosphorylated Form of MgcRacGAP during Cytokinesis
(A) Amino acid sequences of the synthetic peptides PM387 and M387, and specificity of the anti-phospho-Ser387 of MgcRacGAP antibody
(anti-pS387 Ab) determined using ELISA. Microtiter plates were coated overnight with 60 l (1 g/ml) of the peptides, blocked, and reacted
with the antibody. The reactivity was determined by measuring the absorbance at 450 nm.
(B) Localization of MgcRacGAP phosphorylated at Ser387 in the midbody. The anti-pS387 Ab immunoreacts with the ring-shaped structure
at the midbody equator of dividing cells. HeLa cells were fixed and stained with the anti-pS387 Ab (green), anti--tubulin mAb (red), and DAPI
(blue). The scale bar represents 10 m.
(C) Disruption of phosphorylation of MgcRacGAP at Ser387 induced by the KD-Aurora B. HeLa cells transiently expressing the Flag-tagged
WT or KD mutant of Aurora B were fixed and stained with the anti-pS387 Ab (green), anti-Flag (M2) Ab (red), and DAPI (blue). The scale bar
represents 10 m; 100 magnification.
significant immunoreactivity in the interphase cells, and WT-Aurora B induces cell polyploidy in HeLa cells (data
not shown).no detectable signals were observed at the midbody
using the anti-pS387 Ab preincubated with a 10-fold To determine whether Ser387 phosphorylation of
MgcRacGAP is critical for the completion of cytokinesis,amount of PM387 (data not shown). Furthermore, over-
expression of the KD-Aurora B profoundly suppressed we constructed expression vectors pME18S carrying
MgcRacGAP-S387A (pME-MgcRacGAP-S387A) andphosphorylation of MgcRacGAP at Ser387 when com-
pared to findings in the WT-Aurora B-transduced or MgcRacGAP-S387D (pME-MgcRacGAP-S387D), and
did time-lapse studies on HeLa cells cotransfected withMOCK-transduced cells (Figure 6C). However, the accu-
mulation of MgcRacGAP to the midbody was not signifi- pME-GFP and pME-MgcRacGAP-S387A or pME-
MgcRacGAP-S387D (mixed 1:5). Four of eight cellscantly affected in the KD-Aurora B-transduced cells
(data not shown), suggesting that localization of transduced with pME-MgcRacGAP-S387A failed in cy-
tokinesis followed by cell polyploidy. A representativeMgcRacGAP to the midbody does not require Ser387
phosphorylation. These results indicate that Aurora B cell was shown in Figure 7A. The cell proceeded to the
late step (2:46 and 3:00) and then the cleavage furrowis indispensable for the phosphorylation of MgcRacGAP
at Ser387 in vivo at the midbody. As reported (Terada regressed (3:20), resulting in polyploidy (Figure 7A). Two
out of the eight cells observed underwent apoptosis,et al., 1998), overexpression of the KD-Aurora B but not
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Figure 7. Phosphorylation of Ser387 on
MgcRacGAP Is Indispensable for the Com-
pletion of Cytokinesis
Cell division was visualized by live cell phase
contrast microscopy at a magnification of
40. pME-MgcRacGAP-S387A (A) or pME-
MgcRacGAP-S387D (B) was cotransfected
with the reporter construct pME-GFP into
HeLa cells. GFP-positive cells were analyzed
on time-lapse studies (white arrows). The
elapse time (hours and minutes) is indicated
at the lower left corner of each panel. The
first panels show the expression of GFP. Rep-
resentative cells are shown for each stage of
cell division. The scale bar represents 10 m.
and the other two cells completed cytokinesis but with for cytokinesis (Hirose et al., 2001). However, it was
not clear which GTPase is a target of MgcRacGAP ina longer time course. On the other hand, expression of
MgcRacGAP-S387D did not hamper cell division (n  8; cytokinesis. Here we propose that Aurora B-induced
phosphorylation enables MgcRacGAP to function as aFigure 7B; see Supplemental Movies available at http://
www.developmentalcell.com/cgi/content/full/4/4/ RhoGAP and to play critical roles in the completion of
cytokinesis as based on the following: first, Aurora B,549/DC1). These results suggested that the phosphory-
lation of Ser387 on MgcRacGAP was essential for the which is one of the midbody-localized protein kinases
and is also indispensable for cytokinesis, associatedcompletion of cytokinesis. Altogether, it is likely that cell
polyploidy caused by overexpression of the KD-Aurora with and induced phosphorylation of MgcRacGAP (Fig-
ures 2A, 2B, 3A, and 6C). Second, this phosphorylationB is at least in part dependent on lack of phosphorylation
of MgcRacGAP at Ser387. switched on a latent GAP activity of MgcRacGAP toward
RhoA (Figures 4A and 4C). Because most MgcRacGAP
in the midbody was phosphorylated (Figure 1A), theseDiscussion
findings explain well why the purified GAP domain of
MgcRacGAP did not show efficient GAP activities to-MgcRacGAP Works as a RhoGAP during M Phase
We (Hirose et al., 2001) and others (Jantsch-Plunger et ward RhoA (Kawashima et al., 2000; Toure et al., 1998).
Third, MgcRacGAP colocalized with RhoA on the con-al., 2000; Van de Putte et al., 2001) found that MgcRac-
GAP/CYK-4 was required for the completion of cytokine- tractile ring at the late step of cytokinesis (Figure 5,
upper panels). Fourth, phosphorylation of MgcRacGAPsis. We also showed that GAP activity was indispensable
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at Ser387 was induced by Aurora B in an in vitro system MgcRacGAP induces cell polyploidy; cell polyploidy in-
duced by a function-defective mutant of Aurora B or(Figure 4D) and was, at least in part, a critical switch by
which MgcRacGAP acquired RhoGAP activity (Figure MgcRacGAP may depend on lack of machinery to inacti-
vate RhoA. Forced expression of the KD-Aurora B led4C). Moreover, this phosphorylation indeed occurred in
vivo at the midbody (Figure 6B). Finally, forced expres- to frequent cell polyploidization with reduction in phos-
phorylation of MgcRacGAP at Ser387 (Figure 6C). Over-sion of the KD-Aurora B induced cell polyploidy with the
reduction in phosphorylation of MgcRacGAP at Ser387 expression of MgcRacGAP-S387A but not MgcRac-
GAP-S387D led to frequent cell polyploidy (Figures 7A(Figure 6C), and the phosphorylation at Ser387 of
MgcRacGAP appeared to be indispensable for the com- and 7B). Accordingly, the disruption of normal cell di-
vision induced by the KD-Aurora B would, at least inpletion of cytokinesis (Figure 7A). Therefore, it is likely
that RhoA is the essential target of MgcRacGAP in cyto- part, depend on the reduction of phosphorylation of
the Ser387 residue in MgcRacGAP. S387A mutant stillkinesis, and inactivation of RhoA at the late step of
cytokinesis is mediated by functional interactions be- had GAP activities toward Rac1/Cdc42 but no GAP ac-
tivity toward RhoA, and S387D mutant lost GAP activi-tween Aurora B and MgcRacGAP.
To our knowledge, this is the first demonstration that ties toward Rac1/Cdc42 but had a detectable GAP activ-
ity toward RhoA (Figures 4C and 4E, and data nota GAP can exert its latent GAP activities through its
phosphorylation. shown). We previously demonstrated that overexpres-
sion of the GAP-inactive mutant MgcRacGAP-R385A,
which had no GAP activity toward Rac1/Cdc42 or RhoA,MgcRacGAP Is an Essential Target of Aurora B
induced frequent cell polyploidy (Hirose et al., 2001). Itfor the Completion of Cytokinesis
was notable that, whereas both MgcRacGAP-S387DIn Caenorhabditis elegans, the Aurora B ortholog air-2
and MgcRacGAP-R385A lost GAP activities towardis required for the correct positioning of ZEN-4, which
Rac1 and Cdc42, only MgcRacGAP-S387D with a de-is a kinesin-related protein and localizes at the central
tectable RhoGAP activity induced completion of cytoki-spindle during mitosis (Severson et al., 2000). The cyto-
nesis. These results strongly indicate that the GAP activ-kinesis defect in Aurora B-depleted cells was proposed
ity of MgcRacGAP-S387D, albeit low, is critical for theto result from central spindle instability caused by the
completion of cytokinesis.lack of ZEN-4 targeting (Kaitna et al., 2000; Severson et
We conclude that MgcRacGAP plays essential roles inal., 2000). On the other hand, the situation is different
cytokinesis as a RhoGAP at the late step of cytokinesis,in Drosophila and mammalian systems. In Drosophila,
based on observations that MgcRacGAP clearly coloca-Aurora B is not required for the correct localization of
lized with RhoA on the contractile ring, and that thePavarotti-KLP, the Drosophila ZEN-4 ortholog, although
Aurora B-dependent phosphorylation of MgcRacGAP atRNAi inhibition of Aurora B hampers cytokinesis (Adams
Ser387 resulted in stimulation of its latent GAP activityet al., 2001). In the mammalian system, the localization
toward RhoA and was indispensable for the completionof MKLP-1/ZEN-4 as well as MgcRacGAP at the mid-
of cytokinesis.body was not affected by expression of the KD-Aurora
B in HeLa cells (data not shown). These results sug-
Experimental Proceduresgested that cytokinesis defects seen after the inhibition
of Aurora B function are not entirely due to interference Cell Culture and Midbody Isolation
with the positioning of the highly conserved KLP, and HeLa cells were grown in DMEM supplemented with 5% fetal calf
serum (FCS). Cells were seeded at 2  106 cells per 10 cm dishthat there exist other essential targets of Aurora B in
and were collected after EDTA treatment on day 3 during the logorder to promote the completion of cytokinesis.
phase. Midbodies were isolated from the collected cells as de-To date, several substrates and interacting proteins
scribed (Bellissent-Waydelich et al., 1999; Mullins and McIntosh,of Aurora B have been identified. In the mammalian
1982). The isolated midbodies were used for immunoblotting experi-
system, Aurora B induces the phosphorylation of centro- ments, and in some experiments we treated them with VHR (0.5 g/
mere protein A (CENP-A) at Ser7, and expression of ml; Ishibashi et al., 1992) for 2 hr at 30C in the absence or presence
of the protein phosphatase inhibitor sodium vanadate (Na3VO4), fol-both CENP-A mutants mimicking the constitutively
lowed by immunoblotting.phosphorylated (S7E) and unphosphorylated states
(S7A) cause a delay at the terminal stage of cytokinesis,
Metabolic Labeling, Immunoprecipitation, and Westernbut do not inhibit cytokinesis (Zeitlin et al., 2001). Thus,
Blot Analysis
although it is clear that the kinase activity of Aurora B For metabolic labeling, cells were washed with phosphatase-free
is essential in cytokinesis, an essential target of Aurora RPMI medium (GIBCO-BRL) and incubated with 32P-labeled ortho-
phosphoric acid for 6 hr, as described (Deng et al., 2000). AfterB in cytokinesis has not been identified. In this report,
the cells were washed with ice-cold Tris-buffered saline (TBS), thewe provide evidence that MgcRacGAP is a candidate
midbodies were collected and lysed in a detergent buffer. MgcRac-for one of the Aurora B targets essential for the comple-
GAP was immunoprecipitated as described previously (Kawashima
tion of cytokinesis. et al., 2001). The samples were subjected to SDS-PAGE, transferred
Cytokinesis is disrupted by the expression of a domi- to a nitrocellulose membrane, and exposed to Kodak X-Omat film
nant active mutant of RhoA and a kinase-defective (KD) for 24 hr at 80C. In order to detect the amount of MgcRacGAP
protein, the filters were then probed with an anti-MgcRacGAP anti-mutant of Aurora B as well as a GAP-inactive mutant of
body (Ab) (Hirose et al., 2001) and developed using an ECL kitMgcRacGAP, inducing multinucleated cells (Drechsel et
(Amersham).al., 1997; Hirose et al., 2001; Terada et al., 1998). Our
present findings indicating a signaling pathway connect- Synchronization of the Cell Cycle
ing Aurora B, MgcRacGAP, and RhoA can explain how HeLa cells were seeded into a 6 cm dish at 1  106 cells/dish.
Synchronization of the cell cycle was achieved by double-thymidinea KD mutant of Aurora B or a GAP-inactive mutant of
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block (Lee et al., 1995). HeLa cells in the exponential growth phase (Boyle et al., 1991). The 32P-labeled MgcRacGAP was two-dimen-
sionally electrophoresed for 20 min at 1.5 kV in a pH 1.9 buffer (firstwere exposed to 2.5 mM thymidine in DMEM/5% FCS for 15 hr and
then incubated in fresh medium for 9 hr. Cells were once again dimension) and for 16 min at 1.3 kV in a pH 3.5 buffer (second
dimension) using the HTLE7000 apparatus (CBS Scientific). Theexposed to 2.5 mM thymidine for 15 hr and were cultured in fresh
DMEM containing 10% FCS. After 6 hr, nocodazole was added at plate was air dried and then exposed to presensitized Kodak XAR
film with an intensifying screen at 70C for 14 days.the final concentration of 80 ng/ml, and the culture was continued
for another 6 hr. Round mitotic cells were purified by the shake-off
procedure, as described. Collected cells were suspended in fresh Production of Site- and Phosphorylation State-Specific
DMEM containing 10% FCS to release from the nocodazole arrest. Antibody against MgcRacGAP
At 0, 45, 90, and 180 min after the release, the cells were harvested The phosphopeptide Cys-Thr-Gly-Leu-Tyr-Arg-Ile-phospho-Ser387-
and subjected to analyses. Gly (PM387) and unphosphorylated peptide Cys-Thr-Gly-Leu-Tyr-
Arg-Ile-Ser387-Gly (M387) were chemically synthesized as an antigen
by the Peptide Institute. Antibodies against PM387 were preparedGlutathione S-Transferase Pull-Down Assays
by injecting two rabbits with PM387 coupled to keyhole limpet he-Using purified glutathione S-transferase (GST)-fused wild-type (WT)
mocyanin, mixed with RIBI adjuvant system R-730 (RIBI Immuno-Aurora B, GST-fused kinase-defective (KD) mutant of Aurora B, or
chem Research). Monospecific antibodies against PM387 were puri-GST alone against purified maltose binding protein (MBP)-fused
fied from the obtained serum by two-step chromatography:MgcRacGAP, GST pull-down assays were performed in buffer A (25
absorption in M387-coupled sepharose (MBL) and then affinity chro-mM Tris [pH 7.5], 2 mM MgCl2, 200 M ATP, 0.1 M calyculin A,
matography on PM387-coupled sepharose. Purified anti-PM387 an-1% Nonidet P-40). GST beads were washed three times with buffer
tibodies from two rabbits gave similar immunoreactivity; thus oneA. Proteins bound to beads were analyzed using SDS-PAGE fol-
of these antibodies with a higher titer was referred to as anti-pS387lowed by immunoblotting with the anti-MgcRacGAP Ab.
Ab (0.66 mg/ml) and was used for the following experiments.
Immunostaining and Antibodies DNA Transfection
HeLa cells were immunostained as described (Hirose et al., 2001). HeLa cells were grown and seeded in a 6 cm dish at 1  106 /dish.
The antibodies, mouse anti-AIM-1 (Transduction Laboratories), af- On the following day, the cells were transiently transfected with
finity-purified rabbit anti-MgcRacGAP, mouse anti-RhoA (Santa plasmids encoding the Flag-tagged WT or KD mutant form of Aurora
Cruz), mouse anti-Cdc42 (Transduction Laboratories), mouse anti- B using LipofectAMINE-PLUS (GIBCO-BRL) according to manufac-
Rac1 (Transduction Laboratories), mouse anti--tubulin (Sigma), turer’s recommendations.
mouse anti-Flag (M2) (Sigma), and rabbit anti-phospho-Ser387 of
MgcRacGAP (anti-pS387), were used as the first antibody. FITC- Acknowledgments
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